contribution to tetanic LTP by examining the rate at 46% and 30% in the tetanized and paired pathways, respectively. It is unlikely that this reflected a continued which the use-dependent NMDAR blocker MK-801 atslow decline of LTP with time, since in separate experitenuates postsynaptic NMDAR-mediated signals.
ments where we followed the AMPAR-mediated component, the potentiation at 40 min remained within Ϯ15% Results of that at 25 min (data not shown). An alternative possible explanation for the smaller potentiation of the NMDARPairing-Induced LTP of AMPARmediated component is that measurement of NMDARand NMDAR-Mediated Signals mediated EPSPs per se induced a potentiation: since In the first series of experiments, we addressed the issue Ca 2ϩ ions must flow into the cell via the NMDARs when of whether pairing-induced LTP of AMPAR-mediated the Mg 2ϩ concentration is low, a necessary condition for excitatory postsynaptic potentials (EPSPs) is associated induction of LTP is satisfied. If this inadvertently induced with a potentiation of NMDAR-mediated signals. To potentiation were occluded by the prior conditioning, keep the induction protocol and recording conditions the magnitude of LTP of the NMDAR-mediated EPSPs as close as possible to previous studies, we initially in the test pathways could have been underestimated. recorded the AMPAR-mediated component of the synTo avoid this, we took advantage of the finding that, aptic signal and verified that LTP of this signal was with the whole-cell technique, LTP can only be induced induced, before recording the NMDAR-mediated comby pairing within the first 20 min of recording (Malinow ponent elicited by the same presynaptic stimuli.
and Kato et al., 1993; Kullmann, 1994) . If We recorded extracellular field potentials in CA1, with the measurement of the NMDAR-mediated component three stimulating electrodes positioned in stratum radiais delayed beyond this time, there should be no further tum to activate separate groups of afferents converging potentiation, assuming that the induction requirements on the same dendritic region. One pathway was repeatfor LTP of AMPAR-and NMDAR-mediated signals are edly tetanized, while a second pathway was stimulated similar. with single pulses timed to coincide with the start of
In 42 cells, we paired low frequency stimulation with each tetanus (Gustafsson and Wigströ m, 1986) . This depolarization to 0 mV within 12 min of entering wholecaused a large potentiation in both pathways (Figure cell mode. After a further 20 min, AMPARs were blocked 1A). The potentiation in the first pathway (50% Ϯ 5%) with DNQX, and the postsynaptic cell was held at a reflects tetanic LTP, and that in the second pathway positive potential to record the NMDAR-mediated (27% Ϯ 3%), pairing-induced LTP, since the single EPSCs ( Figure 2 ). The experimental protocol was identipulses coincide with the depolarization generated by cal to that used by Kullmann (1994) , and the data include the tetani. AMPARs were subsequently blocked with 23 cells reported in that study. Only a small potentiation 6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 M), and of the NMDAR-mediated component was seen when the extracellular Mg 2ϩ concentration was decreased to the average EPSCs in the test and control pathways 0.1 mM to relieve the block of NMDARs. This allowed were compared, and the standard error bars overthe NMDAR-mediated component of the EPSPs to be lapped, suggesting no significant difference between assessed with no change to the stimulus intensity or the pathways. There was, however, considerable varifrequency.
ability among different cells, both in the relative ampliTo determine whether there was a potentiation of the tude of the two components, and in the amount of LTP, NMDAR-mediated signal, we normalized the initial slope which could have concealed a statistically significant of the NMDAR-mediated EPSPs in each pathway by the potentiation. We therefore applied the same normalizaaverage initial slope of the AMPAR-mediated EPSPs tion procedure as in Figure 1 : the amplitude of the prior to LTP induction. This relies on the assumption NMDAR-mediated EPSCs in each pathway was normalthat the ratio of the two components of the synaptic ized by the mean amplitude of the AMPAR-mediated signal is the same in the different pathways studied in EPSCs before the pairing. The normalized NMDAReach slice. This has been validated by Selig et al. (1995) mediated EPSCs in the test and control pathways were for field EPSPs, and we have confirmed that this also then compared with a paired t test. This revealed a holds true for EPSCs (see Experimental Procedures).
small but highly significant potentiation of the NMDARThe normalized initial slopes of the NMDAR-mediated mediated component (14% Ϯ 4%, p < 0.001). In Figure  EPSPs were then compared with those of the third and 2B 2 , the control pathway was rescaled to 100%, and the control pathway, which was not stimulated during the same scaling factor was applied to the test pathway, in induction procedure. This revealed a potentiation of order to display the difference between the pathways. the NMDAR-mediated EPSPs of both the tetanized and
The potentiation of the NMDAR-mediated component the paired pathways ( Figure 1A ). When this measurewas again smaller than the potentiation of the AMPARment was repeated in 22 cells and a paired t test applied, mediated EPSCs (62% Ϯ 8%; potentiation of the two a significant potentiation of the NMDAR-mediated signal components different at p < 10 Ϫ9 ). We thus conclude was seen in both the tetanized (23% Ϯ 5%, p < 10 Ϫ7 ) that LTP of AMPAR-mediated EPSP/Cs, either tetanic and the paired (8% Ϯ 3%, p ϭ 0.014) pathways (Fig- or pairing-induced, is associated with a small but conure 1B). sistent potentiation of NMDAR-mediated EPSP/Cs. A consistent finding was that LTP of the NMDARmediated EPSPs was smaller than that of the AMPARVariance Analysis of Pairing-Induced Potentiation mediated EPSPs ( Figure 1C ). Expressed as a fraction of NMDAR-Mediated EPSCs of the AMPAR-mediated EPSP potentiation, the potentiWe next addressed the synaptic locus of pairinginduced LTP of the NMDAR-mediated component, by ation of the NMDAR-mediated component measured (A 2) EPSP initial slope plotted against time (averages of five successive stimuli). At t ϭ 0, one pathway (open diamonds) was repeatedly tetanized (five pulses at 100 Hz), with single stimuli delivered to the second pathway (filled triangles), synchronous with the first pulse of each tetanus. (Open circles: control pathway.) DNQX and low Mg 2ϩ were later added to record NMDAR-mediated EPSPs, and then 100 M D, L-aminophosphonovaleric acid (APV) to confirm that AMPARs were blocked. The average NMDAR-mediated EPSP slopes in the control pathway were rescaled to the average baseline AMPAR-mediated EPSP slope, and the same scaling factor was applied to the test pathways (symbols with dots). (B) Results from 22 slices (averages of ten successive stimuli Ϯ SEM), showing that NMDAR-mediated EPSPs were potentiated, but less than AMPAR-mediated EPSPs. (C) Histogram of the potentiation of AMPAR-and NMDAR-mediated EPSPs (averaged over 5 min), with p values for paired t tests. LTP of NMDAR-mediated EPSPs was smaller than LTP of AMPAR-mediated EPSPs with both induction methods (p < 0.001). examining the trial-to-trial amplitude fluctuations of the the NMDAR-and AMPAR-mediated components was 2.1 Ϯ 0.1. EPSCs with the statistic 1/CV 2 (inverse of the coefficient of variation squared). 1/CV 2 varies with quantal content To determine whether the potentiation of the NMDARmediated component was also associated with an inbut is independent of the mean quantal amplitude, and has been shown to increase with LTP of the AMPARcrease in quantal content, we applied the same normalization procedure as for the mean amplitude change: mediated component Bekkers and Stevens, 1990) . We confirmed this result in the 1/CV 2 for the NMDAR-mediated component of both pathways was divided by 1/CV 2 of the AMPAR-mediated same 42 cells: 1/CV 2 for the AMPAR-mediated EPSCs increased by 42% Ϯ 9% after LTP induction, which is component prior to pairing. A comparison of the paired and control pathways revealed a difference of 19% Ϯ consistent with a large increase in quantal content (also see Larkman et al., 1992; Manabe et al., 1993) ( Figure  9% (p ϭ 0.044) ( Figure 2D2 ). Although this is an indirect measurement, and 1/CV 2 can also be affected by vari-2D). 1/CV 2 was also much larger for the NMDAR-than for the AMPAR-mediated components of the EPSCs, as ability in quantal amplitude or release probability (Faber and Korn, 1991) , these results are most simply explained expected if the quantal content sampled by NMDARs was larger than that sampled by AMPARs (Kullmann, by (Larkman et al., should be a higher probability of glutamate spill-over 1992; Manabe et al., 1993) . This is compatible with an from those terminals. We tested this prediction in two increase in both quantal amplitude and release probabildifferent ways. ity, as has been argued by several groups who examined
In the first series of experiments, we simultaneously the clustering of successive EPSCs at different amplirecorded EPSCs in one cell with a whole-cell pipette, tudes Liao et al., 1992; Lark- and the population field EPSPs with an extracellular man et Stricker et al., 1996 ; but see Stevens electrode positioned nearby. LTP of the field EPSPs in and Wang, 1994; Bolshakov and Siegelbaum, 1995) .
one pathway was elicited with tetanic stimulation. We Although the fractional increase in 1/CV 2 for the prevented conventional LTP induction in the voltage-NMDAR-mediated EPSCs was smaller than for the clamped cell by holding its membrane potential at Ϫ80 AMPAR-mediated EPSCs, this was because the denommV during the tetanization (hyperpolarization of a single inator was larger for the NMDAR-mediated component:
cell has previously been shown to prevent tetanic LTP multiplying the fractional increase in 1/CV 2 by the ratio of AMPAR-mediated EPSPs in that cell, but not in neighof 1/CV 2 for the NMDAR-and AMPAR-mediated compoboring cells; Malinow and Miller, 1986) . We then added nents in the control pathway gives 19% ϫ 2.1 ϭ 40%, DNQX and recorded the NMDAR-mediated component which is similar to the fractional increase in 1/CV 2 for of the EPSCs. the AMPAR-mediated EPSCs (42%). A possible interpre- Figure 3 shows the results of this experiment in 17 tation for this coincidence is that, while the baseline cells: while LTP of the AMPAR-mediated EPSCs was quantal content was larger for the NMDAR-than for prevented (potentiation ϭ 1% Ϯ 6%, p ϭ 0.870), the the AMPAR-mediated EPSCs, the absolute increase in extracellular AMPAR-mediated EPSPs still underwent a quantal content with LTP was identical for both compolarge increase (54% Ϯ 5%, p < 10 Ϫ6 ). In contrast with nents. This led to the following conjecture: First, synapthe AMPAR-mediated component, the NMDAR-meditic AMPARs only sense glutamate released from presynated component of the EPSCs in the tetanized pathway aptic terminals directly apposed to the recorded cell.
still exhibited a small but significant potentiation: norThis is compatible with their relatively low affinity for malizing by the amplitude of the AMPAR-mediated glutamate and with the estimated concentration of the EPSCs before tetanization revealed an increase of 14% transmitter transiently reached within the synaptic cleft, Ϯ 6% (p ϭ 0.036). This argues that a potentiation of which may briefly exceed 1 mM (Clements et al., 1992) .
NMDAR-mediated signals can still be obtained when Second, NMDARs, in contrast, as a result of their much induction of tetanic LTP of the AMPAR-mediated comhigher affinity for glutamate (Patneau and Mayer, 1990) , ponent is prevented. respond not only to glutamate released from immediThus far, all the experiments have relied on normalately apposed terminals, but also to glutamate spilling izing NMDAR-mediated signals by the AMPAR-mediover from nearby terminals that are presynaptic to other ated component prior to the induction procedure. In the cells. Third, LTP is expressed, in large part, by a presynsecond series of experiments, we avoided this requireaptic increase in release probability. ment by recording the isolated NMDAR-mediated comThe difference in the baseline quantal content for the ponent of the synaptic signal in the continued presence two components is thus explained by the hypothesis of DNQX. We again asked whether tetanization could that NMDARs sense a larger number of release sites, elicit LTP of NMDAR-mediated EPSCs, when convenwithout invoking a nonuniform distribution of the two tional LTP was prevented by voltage clamping the cell receptor types (Kullmann and Siegelbaum, 1995) . We at Ϫ80 mV during the tetani. Since we were not able to propose that pairing-induced LTP is expressed, in large monitor whether this would indeed have prevented part, through an increase in release probability from LTP of the AMPAR-mediated component, we applied presynaptic terminals. Terminals presynaptic to neightwo further measures to block conventional LTP: first, boring cells would not sense the putative retrograde we waited for 45 min before tetanizing, and second, factor, because of their relative remoteness. Since glutawe included 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-mate released from these terminals is unaffected by tetraacetic acid (BAPTA, 5 mM) in the pipette solution pairing, the fractional increase in the amplitude and to chelate Ca 2ϩ ions. Figure 4 shows that in 25 cells, 1/CV 2 for the NMDAR-mediated component should be high frequency tetani (2 ϫ 50 pulses, 100 Hz) again considerably smaller than for the AMPAR-mediated elicited a small potentiation of isolated NMDAR-medicomponent, in agreement with the results illustrated in ated EPSCs (potentiation at 25 min following tetanus: Figure 2 . The absolute increase in quantal content is, 11% Ϯ 5% relative to control pathway; p ϭ 0.033). however, the same for both components, as is also suggested by the present results.
The results illustrated in Figures 3 and 4 confirm that At time 0 (45 min after entering whole-cell mode), one pathway (filled triangles) was tetanized while holding the cell at Ϫ80 mV. A small but significant potentiation was seen (p ϭ 0.033). The averaged traces are taken from one experiment before (left) and 25 min after (right) the tetanus.
tetanic LTP of the NMDAR-mediated component can 3 and 4). This is because NMDARs should sense enhanced glutamate release both from immediately prestill be induced when LTP of the AMPAR-mediated component is prevented. They argue in favor of the hypothesynaptic terminals and from terminals presynaptic to neighboring cells. Second, tetanic pairing should be acsis that NMDARs of one cell, where LTP is blocked, can sense glutamate release from terminals presynaptic to companied by an increase in the rate of decay of successive NMDAR-mediated EPSCs in the presence of other cells, at which LTP is elicited.
MK-801. We induced tetanic pairing LTP in 25 cells, by delivEnhanced Glutamate Release Revealed by Faster Decay of NMDAR-EPSCs in MK-801 ering two 100 Hz tetani while holding the cells at 0 mV ( Figure 5 ), within 12 min of entering whole-cell mode. Although our model of LTP expression accounts for the greater potentiation of AMPAR-than NMDAR-mediated DNQX was subsequently added, and the cells depolarized, in the same way as in Figures 2 and 4 , to assess signals, there is a major source of evidence against a presynaptic increase in glutamate release with LTP:
the degree of potentiation of the NMDAR-mediated component. Stimulation was then interrupted while MK- Manabe and Nicoll (1994) examined the rate at which the use-dependent blocker MK-801 attenuated successive 801 (40 M) was washed in and allowed to equilibrate. After 10 min, stimulation was restarted and the ampli-NMDAR-mediated EPSCs and found that prior induction of LTP by pairing had no detectable effect on the half tude of successive NMDAR-mediated EPSCs was followed as the NMDAR-linked ionophores were progresdecay time when compared with a control pathway. Since an increased glutamate release probability should sively blocked. The magnitude of the potentiation of the NMDARcause NMDAR-linked ionophores to open more frequently and therefore be more susceptible to openmediated component, prior to the addition of MK-801, was larger than that measured with the alternative inducchannel block, this argues against a presynaptic locus for pairing-induced LTP. One possible explanation for tion methods: 21% Ϯ 9% ( Figure 5D ), compared with 14% Ϯ 4% with low frequency pairing (see Figure 2 ) this result, which is still compatible with a presynaptic contribution to LTP, is that the increase in the rate of and 14% Ϯ 6% with tetanization at Ϫ80 mV (see Figure  3) . This difference did not, however, reach significance decay was too small to have been detected. This could have been the case if a large fraction of the NMDAR-(p > 0.1). When expressed as a fraction of the potentiation of the AMPAR-mediated component, the increase mediated signal arose through spill-over of glutamate from neighboring synapses that were not potentiated.
in the NMDAR-mediated component was also larger with tetanic pairing than with low frequency pairing (30% In our hands, low frequency pairing induces only a modest potentiation of the NMDAR-mediated signal and 23%, respectively), but this again was not significant. This aspect of the results thus lends only relatively (see Figure 2 ), but it should be possible to increase this by tetanizing presynaptic afferents during the depolarweak support for the spill-over hypothesis. MK-801 did, however, cause a significantly faster deization. This induction procedure, which we term "tetanic pairing," should elicit LTP not only at synapses on cay of the NMDAR-EPSCs in the tetanized pathway than in the control pathway ( Figure 5B ). The test and control the postsynaptic cell, but also at synapses on neighboring cells. We tested two predictions. First, tetanic pathways in each cell were compared in two independent ways. First, the successive EPSC amplitudes in the pairing should give rise to a relatively larger degree of potentiation of the NMDAR-mediated component than control and test pathways, normalized by the first pair of responses in MK-801, were plotted against one another either low frequency pairing (see Figure 2) or tetanization while hyperpolarizing the postsynaptic cell (see Figures (Manabe and Nicoll, 1994) . (The EPSCs in each cell and in each pathway were averaged in groups of five succesor the AMPAR-mediated signal is blocked in an individual cell. Fourth, tetanic LTP is associated with an insive trials before the normalization, in order to minimize crease in the rate of decay of the NMDAR-mediated the error in the estimate of the denominator.) Figure 5C signal in the presence of MK-801, implying an increase shows that the points lay above the line of identity, in glutamate release. On the basis of these results, we indicating a more rapid decay in the test pathway. Secpropose that LTP is expressed, at least in part, by an ond, single exponential decay time constants were fitted increase in glutamate release probability, and that to the successive amplitudes measured in MK-801 and NMDARs normally sense glutamate release not only compared within each cell ( Figure 5D ). (The EPSC amplifrom immediately apposed presynaptic release sites, tudes in this case were not averaged into groups of but also from terminals that are presynaptic to neighsuccessive trials before fitting.) The decay was faster in boring cells (Figure 6 ). the test than in the control pathway (p < 0.02, paired
Although we interpret the increase in 1/CV 2 for the t test), lending further support to the conclusion that NMDAR-mediated component as an increase in quantal NMDARs open more frequently after LTP induction. An content, the difference between the test and control unexpected feature of these results is that most of the pathways was small and required normalization by the difference in the decay rates between the test and conbaseline 1/CV 2 for the AMPAR-mediated component to trol pathways was in the first few trials after restarting reach significance at p < 0.05. 1/CV 2 is also affected by stimulation ( Figure 5C ). We performed a simple numerivariability in release probability and quantal amplitude cal simulation of the effect of MK-801 on a population (Faber and Korn, 1991) , so on its own the change in of synapses to investigate this finding. By eliminating 1/CV 2 cannot be taken as compelling evidence for an synapses whenever they had released transmitter, we increase in transmitter release. For the AMPAR-medifound that a trajectory similar to that seen in Figure 5C ated component of transmission, moreover, the synapcould be obtained if, first, there was a wide range of tic mechanism underlying the increase in quantal coninitial release probabilities, and second, synapses with tent has undergone some revision, with the proposal low and high initial release probabilities underwent simithat latent clusters of AMPARs become activated (Kulllar fractional increases in probability. In contrast, a semann, 1994; Liao et al., 1995; Isaac et al., 1995) . Could lective increase in probability at sites with an initially a similar postsynaptic activation of latent clusters of low probability gave rise to a larger difference later in NMDARs explain the present results? It is difficult to the sequence of trials.
see how this could explain the faster decay of NMDARBoth methods of comparison of the decay rate (Figmediated EPSCs in MK-801. An alternative explanation ures 5C and 5D) are independent of amplitude scaling, might be that the kinetics of NMDARs were altered after so they do not rely on normalization by the AMPARthe induction of LTP: if their open probability was inmediated components of the EPSCs. We nevertheless creased, they would be more susceptible to the blocking verified in 21 cells that there was no consistent tendency action of MK-801. Although a uniform increase in the for the amplitude of the NMDAR-mediated component, open probability of NMDARs would predict no change or the rate of decay in MK-801, to differ between two in 1/CV 2 , it is still possible to accommodate an increase pathways when no conditioning stimulation was given in 1/CV 2 : if, under baseline conditions, the open probabil-( Figure 5D ). We therefore conclude that the rate of decay ity at some active sites was lower than at other sites of NMDAR-mediated EPSCs in MK-801 was indeed inand the NMDAR-mediated quanta consequently varicreased by tetanic pairing, implying that glutamate reable, then a selective increase in open probability at lease was potentiated and lending support to a presynsites with a low probability could reduce the site-toaptic contribution to LTP expression. site variability in quantal amplitude. Since the overall variance of the synaptic signal is a function both of Discussion quantal variability and of stochastic transmitter release, 1/CV 2 could increase. Clearly, however, this proposal The major findings in the present study are as follows.
cannot account for the observation that NMDAR-mediFirst, potentiation of NMDAR-mediated signals consisated signals can be potentiated by tetani when LTP tently accompanies both tetanic and pairing-induced of AMPAR-mediated signals is blocked, unless LTP of LTP of AMPAR-mediated signals, although it is much NMDAR-mediated signals is mediated by completely smaller. Second, the increase in the NMDAR-mediated different induction and expression mechanisms than signal with pairing-induced LTP is accompanied by an LTP of AMPAR-mediated signals. If potentiation of the increase in 1/CV 2 suggestive of a small fractional intwo components does share mechanisms, therefore, crease in quantal content. Correcting for the larger an exclusively postsynaptic site of expression is very quantal content of NMDAR-than AMPAR-mediated sigdifficult to reconcile with the present results. nals in the baseline, the estimated absolute quantal con-
The spill-over model provides a novel explanation for tent increase with LTP is remarkably similar for both the observation that NMDAR-mediated EPSCs can be components. Third, tetanization potentiates the recorded with minimal stimuli when no AMPAR-mediated EPSCs are seen (Liao et al, 1995; Isaac et al., 1995 ; NMDAR-mediated signal even when conventional LTP from 21 cells where no conditioning stimulation was given, but AMPAR-and NMDAR-mediated EPSCs and the effect of MK-801 were otherwise measured in an identical fashion: there was no significant difference in either the amplitude of the two components or in the decay time constants. Durand et al., 1996) . Rather than reflecting absence of AMPARs at some synapses, this arises when glutamate is released from a sparse population of active terminals, none of which is in direct synaptic contact with the recorded cell. Glutamate spill-over generates NMDAREPSCs, while AMPARs fail to sense the transmitter as a result of their lower affinity. If this explanation is correct, it further implies that activation of NMDARs of neighboring cells by spill-over can occur for individual quantal release events and is not an artifact of synchronous activation of many presynaptic terminals with multifiber stimuli, causing overlapping "domains" of glutamate to reach a sufficient concentration to activate NMDARs.
Both Liao et al. (1995) and Isaac et al. (1995) showed that pairing postsynaptic depolarization with presynaptic stimuli that initially give rise only to NMDAR-mediated EPSCs can cause AMPAR-mediated EPSCs to appear. This was taken as strong evidence in favor of the latent AMPAR cluster hypothesis, but could the same observation be explained by glutamate spill-over and a presynaptic locus of expression? LTP could be induced at a synapse where the initial release probability is 0 (a "presynaptically silent" synapse) if the NMDARs postsynaptic to the 0 probability terminal are liganded by glutamate spilling over from a nearby terminal, which is presynaptic to a neighboring cell. If this is paired with postsynaptic depolarization, Ca 2ϩ influx through the NMDARs will occur, and a necessary condition for LTP induction will therefore be satisfied. This will allow the putative retrograde messenger, be it a diffusible messenger or a more direct mechanical linkage, to trigger an increase in presynaptic release probability. For this explanation to hold, there are some additional requirements. First, the distance between the "donor" terminal (from which glutamate is released) and the "target" synapse must be small (see below). And second, in order to preserve the specificity of LTP, the presynaptic increase in release probability must only occur at target terminals that belong to the paired pathway, since otherwise there will simply be a diffuse potentiation of all the synapses on the postsynaptic cell that are in the vicinity of the donor terminal. If there is a sufficiently high density of terminals with 0 release probability, then the first requirement could be satisfied, since this will allow a silent synapse to occur in the vicinity of a donor terminal in a substantial proportion of cases. As for the maintenance of specificity, this would be assured if the putative Figure 6 . The Glutamate Spill-Over Hypothesis and Presynaptic Expression of LTP (A) Two dendritic spines on neighboring pyramidal cells are illuscell, spill-over of glutamate from neighboring synapses will be trated, supplied by terminals from the same afferent fiber (the synsensed as pure NMDAR-mediated EPSCs. apses could equally be supplied by different afferents). The extracel-(B) LTP is induced when activation of NMDARs coincides with postlular concentration of glutamate, stochastically released from each synaptic depolarization. This generates a retrograde factor (broken terminal, transiently reaches ‫01ف‬ Ϫ3 M in the synaptic cleft, activating arrow), which only reaches the immediately presynaptic terminal, both postsynaptic AMPARs (A) and NMDARs (N) on the postsynaptic not more distant synapses. cell. Outside the synaptic cleft, the transmitter may reach 10 Ϫ5 M. (C) LTP is expressed by an increase in release probability (there This is sufficient to activate NMDARs, but not AMPARs, of a neighmay be an additional postsynaptic change in AMPAR properties, boring synapse made on a different pyramidal cell. Stochastic rewhich is not illustrated here). LTP can be generated at a terminal lease from a population of terminals, only some of which are presynwhose initial release probability is 0, if the postsynaptic NMDARs aptic to a given cell, will give rise to EPSCs in that cell with a are liganded by glutamate released from a terminal presynaptic to larger quantal content for the NMDAR-than the AMPAR-mediated a neighboring cell, and if this coincides with postsynaptic depolarcomponent. This explains the discrepancy between 1/CV 2 for the ization. This could explain the apparent activation of functional two components. If there are no active release sites on the recorded AMPAR clusters at "silent synapses".
retrograde messenger only triggers an increase in reexpressed in part presynaptically, the spill-over hypothesis reconciles the relatively greater potentiation of lease probability if there has been an action potential AMPAR-than NMDAR-mediated signals with the eviin the presynaptic terminal. There is conflicting evidence dence for an increase in quantal content (Kullmann and on whether presynaptic activity is an essential requireSiegelbaum, 1995). Although the change in 1/CV 2 that we ment for the induction of LTP: Cormier et al. (1993) , observed suggested an additional increase in quantal Kamiya et al. (1993) and Neveu and Zucker (1996) have amplitude ( Figure 2E ), Stevens and Wang (1994) and demonstrated long-term plasticity with postsynaptic Bolshakov and Siegelbaum (1995) saw no change in manipulations, which apparently shares mechanisms the amplitude of EPSCs with LTP, and only observed a with conventional LTP. Kullmann et al. (1992) , Zhuo et decrease in transmission failure rate. As was mentioned al. (1993) , and Arancio et al. (1995) , on the other hand, in the Introduction, this is difficult to explain on the basis have argued that presynaptic activity is necessary.
of activation of latent clusters of AMPARs, since larger An alternative proposal could obviate the need for any events should have been observed on occasion. A genuadditional requirements to reconcile LTP at a presynapine increase in transmitter release probability, on the tically silent synapse with the specificity of LTP: multiple other hand, explains these observations. Why Stevens release sites can occur in very close proximity on large and Wang (1994) and Bolshakov and Siegelbaum (1995) boutons that make synaptic contacts on different postsaw no increase in quantal amplitude is not clear, since synaptic cells (Sorra and Harris, 1993) . Spill-over from this has been reported by several groups who applied one release site onto NMDARs postsynaptic to another similar or complementary techniques (or both) (Manabe site could allow the release probability at the latter site et al., 1992; Foster and McNaughton, 1991; Kullmann to increase from 0, as long as activity of the bouton is and Nicoll, 1992; Larkman et al., 1992; Liao et al., 1992 ; paired with depolarization postsynaptic to the silent site. Oliet et al., 1996; Stricker et al., 1996 ; also see Voronin, There are several other observations that are ex-1993). plained by the spill-over hypothesis. First, both Asztely
Fourth, the present model is also compatible with et al. (1992) and Isaac et al. (1995) described simultanethe observation that synaptic glutamate release can be ous measurements of the early and late parts of dualsensed with NMDARs in an outside-out membrane component postsynaptic signals in CA1, designed to patch positioned in a hippocampal slice and that this is estimate the relative sizes of the AMPAR-and NMDARpotentiated by LTP induction (O'Connor et al., 1995; but mediated components. Both groups showed that the see Isaacson and Nicoll, 1993) . two components initially scale linearly as the stimulus Although a larger potentiation of the NMDAR-medistrength is increased, but at high stimulus intensities ated component was seen when tetanic stimulation was the late part of the synaptic signal increases less than combined with postsynaptic depolarization (tetanic the early part, implying that the NMDAR-mediated compairing), there was still a large discrepancy between the ponent scales sublinearly with the AMPAR-mediated increase in the AMPAR-and NMDAR-mediated signals: component. This may reflect mutual occlusion of dothe potentiation of the NMDAR-mediated component mains of glutamate released from neighboring active was only 30% as large as that of the AMPAR-mediated terminals, saturating the NMDARs in their vicinity and component. A plausible explanation for this difference preventing them from sensing the recruitment of further is that tetanic LTP is not elicited at all terminals from release sites. This does not occur for the AMPAR-mediwhich glutamate release is sensed by the NMDARs on ated signal because of the lower affinity of these rethe recorded cell. Some of the active synapses, for inceptors.
stance, may be on neighboring cells that are not suffiSecond, Hestrin et al. (1990) reported that the nonciently depolarized during the tetanus for LTP to be competitive glutamate uptake blocker dihydrokainate generated. As a result, the potentiation of the NMDARcould selectively increase the NMDAR-mediated commediated component is generally smaller than that of ponent of the postsynaptic signal, with no effect on the AMPAR-mediated component. This could account AMPAR-mediated EPSCs. This is compatible with an for the fact that it was not reported in several studies extrasynaptic action of glutamate at NMDARs, at least (Kauer et al., 1988; , 1988) , and is consistent with the observation by acted on synaptic receptors, reducing its clearance Aniksztejn and Ben-Ari (1995) that potentiation of the would be expected to have a greater effect on the NMDAR-mediated component can be seen with strong, AMPAR-than the NMDAR-mediated component of the but not weak, tetani. EPSCs, since AMPARs have a lower affinity for the transOther studies have reported tetanic LTP of the mitter. It also argues for a critical role of glutamate up-NMDAR-mediated component, which, relative to the potake in limiting the extent of glutamate spill-over. Incontentiation of the AMPAR-mediated component, was simsistent results have been obtained with the competitive ilar to that seen in the present study (Aszté ly et al., 1992 ) uptake blocker L-trans-pyrrolidine-2,4-dicarboxylate or even larger (Clark and Collingridge, 1995) . A possible (Sarantis et al., 1993; Isaacson and Nicoll, 1993) . This explanation for these inconsistencies is that the degree may be because a competitive uptake blocker, in conof synaptic cross-talk witnessed by NMDARs varies betrast with a nonsaturating concentration of a noncomtween preparations. A suggestion that this is so comes petitive uptake blocker, may shift the background extrafrom a comparison of the present results with those of cellular glutamate concentration to a higher level, giving Selig et al. (1995) : although tetanic LTP was associated rise to a greater degree of steady-state desensitization with a small potentiation of the NMDAR-mediated comof glutamate receptors.
ponent, Selig et al. reported no change with pairinginduced LTP. The ratio of 1/CV 2 for the NMDAR-and Third, taken together with the proposal that LTP is
Experimental Procedures
AMPAR-mediated components was, however, over 3-fold, implying that there may have been a larger degree Hippocampal slices 450 m thick were prepared from 4-5-weekof extrasynaptic spill-over, on average, in the experiold guinea pigs and stored in a solution containing the following: ments of Selig et al. (1995) than in the present study, 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2, 26.2 mM where the ratio was only 2.1. With a greater degree of NaHCO3, 1 mM NaH2PO4, and 11 mM glucose (bubbled with 95% O2/5% CO2). All the recordings were made in a submerged slice spill-over, we predict that the fractional increase in the chamber perfused with this solution, with added picrotoxin (100 NMDAR-mediated component with pairing should be M), at 20ЊC-24ЊC. CA3 was cut away to prevent epileptiform burstsmaller, possibly explaining why it was not observed by ing from spreading to CA1. Stratum radiatum fibers were stimulated Selig et al. (1995) .
with bipolar stainless steel electrodes positioned on either side of This explanation may also provide the clue to the the recording pipette, and both of these were located at approximately the same distance from stratum pyramidale. Extracellular observation by Manabe and Nicoll (1994) that pairingfield EPSPs were recorded via a glass pipette containing 3 M NaCl.
induced LTP was not associated with a detectable inWhole-cell recording pipettes were filled with the following: 117.5 crease in the rate of decay of NMDAR-mediated EPSCs mM Cs gluconate, 17.5 mM CsCl, 10 mM HEPES, 0.2 mM EGTA, 8 in MK-801. Although we have not repeated the experimM NaCl, 2 mM MgATP, 0.3 mM GTP, and 5 mM QX-314 Br (pH 7.2) (295 mOsm). The series resistance was continuously monitored ments with pairing, we predict that there should be a by delivering a voltage step command, was less than 16 M⍀, and small difference in the decay rates, since some of the changed by less than 20% in the cells that were accepted for analy-NMDAR-mediated signal did increase with this manipusis. Junctional potentials were not corrected. Recordings were lation in the present study. Manabe and Nicoll (1994) made with Axopatch 1D amplifiers (Axon Instruments, Foster City, did not, however, state whether LTP in their experiments CA), filtered at 1 kHz, and sampled at 2 or 4 kHz. The trials were stored on computer disk for off-line analysis. The initial slope of the was associated with a significant change in the NMDAREPSPs was measured over a 2 ms period for AMPAR-mediated mediated component. (Wahl et al., 1995) . The spill-over model is 50 times at 0.5 Hz, at control intensity) in one pathway, with single thus compatible with current knowledge of hippocampal pulses in another pathway. The single pulses coincided with the start of each tetanus. In Figure 2 , LTP was elicited by pairing 120 ultrastructure and extracellular diffusion of glutamate, pulses at 2 Hz with depolarization to 0 mV, and was carried out although there are many critical parameters that are not within 12 min of breaking into whole-cell mode. In Figure 4 , the known with sufficient precision to test the hypothesis conditioning consisted of tetanization (100 Hz, 1 s, repeated once quantitatively: among these are the extracellular effecafter 20 s), while holding the cells at Ϫ80 mV. In Figure 5 , the tetani tive diffusion coefficient of glutamate, the actual conwere briefer (0.5 s) and were delivered only after a minimum of 45 min had elapsed from breaking into whole-cell mode. In Figure 6 , tents of a single vesicle, and the density and turn-over tetanic pairing consisted of two 100 Hz, 1 s tetani while holding the rate of glutamate uptake pumps. In this rough analysis, cell at 0 mV. This was again delivered within 12 min of breaking in. moreover, we have assumed that only synaptic NMDARs Throughout the study, all experiments were included in the analyrespond to glutamate spill-over from neighboring synsis, whether LTP was obtained or not. To display the effects of conditioning stimuli, NMDAR-mediated EPSP/Cs after conditioning apses, whereas extrasynaptic receptors may also play , and Korn, H. (1991) . Applicability of the coefficient of variation method for analyzing synaptic plasticity. Biophys. J. 60, ratio of NMDAR-to AMPAR-mediated components is the same in different pathways impinging on a given cell (Selig et al., 1995) . We 1288-1294. tested this in 20 cells by comparing the NMDAR/AMPAR ratio in Foster, T., and McNaughton, B. (1991) . Long-term enhancement of two pathways, neither of which was conditioned. The ratio in the CA1 synaptic transmission is due to increased quantal size, not second pathway was 99% Ϯ 4% of that in the first pathway.
quantal content. Hippocampus 1, 79-91. To estimate the rate of decay of NMDAR-mediated EPSCs in the Gustafsson, B., and Wigströ m, H. (1986) . Hippocampal long-lasting presence of MK-801 (Figure 6 ), a single exponential time constant potentiation produced by pairing single volleys and brief conditionwith zero asymptote was fitted to all the EPSCs recorded in the ing tetani evoked in separate afferents. J. Neurosci. 6, 1575-1582. presence of the blocker (Marquardt-Levenburg algorithm). This was Hessler, N.A., Shirke, A.M., and Malinow, R. (1993) . The probability less sensitive to sampling error than estimating decay half-times of transmitter release at a mammalian central synapse. Nature 366, (Manabe and Nicoll, 1994) . Although a double exponential gave a 568-572. better fit (Rosenmund et al., 1993; Hessler et al., 1993) , the additional parameters prevented a simple comparison of the test and control Hestrin, S., Sah, P., and Nicoll, R.A. (1990) . Mechanisms generating pathways.
the time course of dual component excitatory synaptic currents recorded in hippocampal slices. Neuron 5, 247-253.
